The BRCT regions are two repeating structures at BRCA1 carboxyl-terminus and are ubiquitous in some proteins involved in DNA repair and cell cycle checkpoints. It was shown that BRCTs of TopBP1, BRCA1, and BRCT-Ws of Rb bound DNA ends and breaks. We indicate here that the C-terminus of p53 tumor suppressor contains a DNA binding motif (residues 327 ± 333 in human), whose features are similar to those of the part of BRCT-W in Rb with DNA binding activity. The short motif was required for the gel retardation activity of DNA fragments, since residues 311 ± 333 showed the activity while residues 311 ± 326 showed no activity. Signi®cant numbers of total p53 and its fragments with the motif formed multimerizing complexes and associated with DNA ends and breaks. These results suggest the common presence of DNA binding motifs that can recognize DNA ends or damages in major tumor suppressors, Rb, BRCA1 and p53. The oncogenic activity of p53 C-terminus (residues 311 ± 393) required both the DNA damage recognition motif and the repair enzyme-associating domain. Oncogene (2001) 20, 2859 ± 2867.
Introduction
The tumor suppressor p53 regulates cell cycle arrests for DNA repair system and apoptosis of cells with damaged DNA, contributing to the exact transfer of a genome in an organism (reviewed by Ko and Prives, 1996) . It is reported that p53 negatively regulated the Cdc2 activity through transcriptional repression of cyclin B1 (Innocente et al., 1999) and through transcriptional activation of 14-3-3s (Chan et al., 1999) , leading to regulation of the G2/M checkpoint. p53AIP1 is suggested to mediate p53-dependent apoptosis (Oda et al., 2000) . On the other hand, mice lacking p21, a representative whose transcription is activated by p53, did not show a remarkable oncogenic phenotype (Deng et al., 1995) . The requirement of transcription and protein synthesis for apoptosis induced by p53 is dependent on each cell type (Bennett et al., 1998) .
Extensive studies of p53 revealed a multifunctional role of the basic C-terminus. A strong multimerization domain is located in amino acid residues 323 ± 355 (Wang et al., 1994) (Figure 1a ). Three nuclear import signals are located in residues 316 ± 325, 369 ± 375 and 379 ± 384 (Shaulsky et al., 1990) , and a nuclear export signal is located in residues 340 ± 351 (Stommel et al., 1999) . p53 bound insertion/deletion DNA mismatches to residues 311 ± 393 (Lee et al., 1995) . Residues 344 ± 393 represent a binding region of helicases XPB (xeroderma pigmentosum group B), XPD in nucleotide excision repair, and of CSB (Cockayne syndrome group B) involved in strand speci®c DNA repair . Strand transfer and DNA annealing activities were found in residues 311 ± 393 (Reed et al., 1995; Wu et al., 1995) . The last three observations suggest involvement of p53 in cell cycle checkpoints or in DNA repair induced by DNA damages.
The tumor suppressor BRCA1 (the breast cancer susceptibility gene 1 product) contains two BRCT (BRCA1 carboxyl-terminus) motifs (Koonin et al., 1996) . The BRCT regions are ubiquitous in some proteins involved in DNA repair (XRCC1, DNA ligase III and IV, etc.), cell cycle checkpoints (Cut5/ Rad4 and Crb2, etc.) (Bork et al., 1997; Callebaut and Mornon, 1997) . TopBP1 (DNA topoisomerase II binding protein 1) possessed 8-11 BRCT and its related regions (Yamane et al., 1997) , and was similar to Rad4/Cut5, which regulates entry to S phase and G2/M checkpoint in ®ssion yeast. We indicated that BRCT and BRCT-Ws of TopBP1, BRCA1 and retinoblastoma susceptibility protein (Rb) bound DNA breaks (Yamane et al., 2000a,b; Yamane and Tsuruo, 1999) . Many of these regions could polymerize to form large DNA-protein complexes.
We noted in electron microscopic images that signi®cant amounts of p53 C-terminus bound doubleand single-strand DNA ends in the forms of oligomers and higher polymers (Lee et al., 1995; Selivanova et al., 1996) . The DNA break binding activity of some BRCT regions closely associated with oligomerization or polymerization of the regions (Yamane et al., 2000a,b; Yamane and Tsuruo, 1999) . Taken together, we expected that p53 C-terminus would contain a common element similar to those of BRCTs. In this study, we indicate that a short motif of p53 in the Cterminus was weakly similar to a functional portion of BRCT-W1 in Rb (Yamane et al., 2000a) , and was required for DNA binding and for polymerization. The multimerizing features that are well known in Rb and p53 can be consistently explained from the molecular point of view elucidated herein. Our results demonstrate the remarkable presence of structurally and functionally common elements in three well-known tumor suppressors, Rb, BRCA1 and p53.
Results
The C-terminus of p53 contains an element weakly similar to BRCT-Ws Since some features of BRCTs in DNA binding were similar to those of the C-terminus of p53 (see Introduction), we searched a region homologous to BRCTs in the C-terminus. A short p53 portion was faintly similar to those in BRCT-Ws (Figure 1a ,b, in bold). Deletion analyses showed that the portion of BRCT-W1 in Rb was essential for DNA binding, and the BRCT-W4 that contained the corresponding portion also showed DNA break binding activity (Yamane et al., 2000a) . The characteristic residues of the portions were aromatic residues, mainly Trp (W), but also Phe (F) and Tyr (Y). The corresponding portion of p53 contained Tyr and Phe with four residues composed of more than two hydrophobic residues at its C-terminal side. This short stretch is another feature of W boxes of BRCTs and BRCT-Ws (Yamane et al., 2000a) . We designated this portion the B53 motif. It was conserved in rat and mouse proteins. coli and were immobilized and puri®ed on glutathione-sepharose beads. Proteins were eluted with SDS loading buer. Polyacrylamide (5 ± 20%) gradient gel electrophoresis was performed, and the gel was stained with Coomassie blue. Degraded GSTp53 fusions was observed in lane 10
The B53 motif is required for the gel retardation activity of DNA The C-terminus (residues 319 ± 360) produced in bacteria has already been shown to be correctly folded to be determined a three-dimensional structure (Clore et al., 1994) . We constructed several deletion mutants of the C-terminal regions of human p53 (Figure 1c ). To examine whether those deletions could bind DNA, they were synthesized in bacteria as GST (glutathione S-transferase) fusions. The fusions were ®xed and puri®ed on glutathione-sepharose beads (Figure 1d) .
The puri®ed p53 portions were released by factor Xa digestion, and incubated with 32 P-labeled DNA fragments of pUC19, and analysed with non-denaturing gel electrophoresis (a gel retardation assay). C1 and C2 but not C4 showed the retardation activity (Figure 2) , indicating that the B53 motif was required for the DNA binding activity. C1 showed the intermediate shift in a sequence-independent manner (lane 2). However, C2 showed an unusual smeared pattern (lane 8). When protein concentration was increased, both C1 and C2 showed DNA labels detected at the top of the gel (lanes 10 and 11), suggesting, under these conditions, that the DNA-protein complex was very large. These unusual retardation patterns were very similar to those of BRCTs of TopBP1 and BRCT-Ws of Rb. It should be noted that`the retention of DNA fragments at the top' in p53 was consistently observed in many independent groups (see Discussion). C5 did not show the retardation activity, suggesting that B53 required an additional spacer. This was further examined in Figure 4e . The fused GST portion strongly inhibited the activity (lanes 13 and 14), suggesting steric hindrance by GST, which could form a dimer.
Electron microscopic images indicate binding of p53, C1 and C2 fragments to DNA fragment termini Electron microscopy was employed to obtain direct, structural information about the protein-DNA complex. The p53 and its deleted proteins were incubated with DNA fragments of pUC19. The mixture was ®xed with glutaraldehyde, rotary-replicated, and subjected to electron microscopy ( Figure 3) . The globular particles attached to linear DNA molecules would correspond to the protein moiety of total p53, C1 or C2 fragments. The globular particles were found most often at DNA end(s), whereas a small fraction bound at internal sites. The diameters of total p53 particles were variable and ranged from 10 to 25 nm, suggesting that the particles might be a monomer to tens monomers (Figure 3a,b) . The diameters of the C1 particles were 10 ± 20 nm, which might lead to the number of included monomers as one to tens as calculated roughly from the molecular mass of C1 (=10 100) (Figure 3c,d ). The diameters of the C2 particles were 10 ± 20 nm, suggesting that several to more than 100 monomers of C2 (the molecular mass of C2 is 4240) might form each globular particle ( Figure 3e ).
We used low protein/DNA molar ratio to avoid nonspeci®c aggregation. However, there were very minor large complexes in which several protein particles and DNA fragments were involved (right panel of Figure  3b ), possibly corresponding to the bands at the top of gel in the retardation assay. We also found the images of two DNA molecules joined together through protein moiety (center bottom panel of Figure 3b and center bottom panels of Figure 3d ). Since we used DNA fragments with blunt ends, the end binding did not require short, single-stranded overhangs that were created by a restriction enzyme.
DNA binding properties of proteins with B53
The C2 region showed discrete shifts of probes of single-stranded DNA (Figure 4a ). This region bound linearized pUC19 DNA with any termini created by restriction enzymes, EcoO109I (5' protruding ends), SmaI (blunt ends), and PstI (3' protruding ends) ( Figure 4b ). The independence from terminal forms, including blunt ends, was also observed in Ku DNA end binding protein (Mimori and Hardin, 1986) and in some BRCTs (Yamane and Tsuruo, 1999) and BRCTWs (Yamane et al., 2000a) .
We further examined gel retardation patterns of total p53, C1 and C2 using an agarose gel. The plasmid Figure 2 The C1 and C2 regions showed unusual gel retardation patterns. Puri®ed proteins (330 nM) eluted with factor Xa digestion were incubated with 32 P-labeled DNA fragments (20 pg) of pUC19 digested with MspI, and analysed with nondenaturing polyacrylamide gel electrophoresis. The control was the supernatant of GST alone (from pGEX-5X-1), which was equally treated with factor Xa. Protein fractions that were concentrated 3.3-fold were used in the assay (lanes 9 ± 11). The GST fusions (330 nM) eluted with 10 mM reduced glutathione were used in the assay (lanes 12 ± 14). There was no activity using high concentrations (2.0 mM) of GST-C1 and GST-C2. bp: base pairs Oncogene A multimerizing DNA binding motif in p53 K Yamane et al linearized with a unique site was incubated with these proteins. In the absence of spermidine, total p53-DNA complex entered the gel, indicating an intermediate but large shift of bands ( Figure 4d ). The shifted band showed extremely low mobility (compare with large 33.5 kbp and 15 kbp markers). The C1-DNA complex showed reproducible warped bands with slight shifts. The C2-DNA complex showed smeared shifts. When C2 is con®ned in the tetramer structure composed of an antiparallel b sheet and an a helix (Clore et al., 1994) , the structure may restrict the higher polymeric and heterogeneous state of C2 (see Discussion about structural relevance). Spermidine partly changed the shifted patterns. C1 and C2 bound covalently closed circular DNA (data not shown).
The C5 protein with the B53 motif showed no retardation activity (Figure 2) . We expected that a spacer would be required for the B53 motif at its Nterminus, since the portion corresponding to C4 was not homologous to those of the BRCT-Ws. To verify this possibility, an arti®cial portion (42 residues) containing a histidine hexamer (His) was fused to C5, C6 and C7 (Figure 4e ). His-C5 with the complete B53 motif showed retardation activity similar to that of C2, but His-C6 and His-C7 showed no retardation activity.
The B53 motif is required for multimerization
The puri®ed C1 protein was cross-linked with glutaraldehyde. Separation by electrophoresis indicated formation of dimers to tetramers (Figure 5a ). Adding of DNA fragments did not cause major changes in the cross-linked pattern, although minor materials were detected at the top of the gel. When the protein concentration was increased, C1 formed higher polymers whose portions were smeared and reached the top of the gel. C3 was not cross-linked. C2 and C4 were tagged with an arti®cial portion (42 residues) containing a histidine hexamer (His) since these were too short to analyse. Unexpectedly, this arti®cial portion alone (His-) was cross-linked, showing two bands (Figure 5b ). His-C2 showed a strong smeared pattern, which was enhanced by DNA fragments. This smeared pattern would relate to the smeared retardation pattern of DNA fragments. The patterns of His-C4 were similar to those of His alone. Although we could not show that C4 had no multimerization activity, it is likely that its multimerization activity was not as strong as that of C2. Figure 5c indicates a summary of some activities. The oncogenic activity of the C1 region requires both the C2 and C3 regions
The C-terminus (corresponding to C1) of p53 has the oncogenic activity that stimulates colony formation (Wang et al., 1994) . We examined the activity of C1 ± C4, using a frequently used system (Aurelio et al., 2000; Lomax et al., 1998) . C1 stimulated colony formation while C2 inhibited it slightly (Figure 6 ). C3 showed partial stimulation. C4 did not change the rate. These results indicate that the stronger oncogenic activity of the C1 region require both the C2 region and the C3 region (see Figure 5c for summary). The C3 region associated with some components of DNA repair enzymes, suggesting that the oncogenic activity of C1 required both the DNA damage recognition The assay was performed with 0.8% agarose gel using pUC19 DNA (0.3 ng) linearized with EcoO109I. Spermidine (10 mM, spm+) was added during incubation. (e) An arti®cial spacer (42 residues) containing a histidine hexamer (His) was fused to C5, C6 and C7. Gel retardation assay was performed as described in the legend to Figure 2 Figure 5 The C1 and C2 regions can multimerize. (a) Puri®ed proteins were incubated at 378C for 10 min in the presence or absence of DNA fragments (2.5 ng/ml, not labeled) used in Figure  4c . Puri®ed C1 (0.36 mg, and 1.8 mg, indicated as 65) and C3 (0.36 mg) were cross-linked with 0.075% glutaraldehyde for 15 min at room temperature in ®nal 24 ml volume. Samples were directly applied to polyacrylamide (5 ± 20%) gradient gel, and the gel was silver-stained. (b) C2 and C4 were tagged with an arti®cial portion containing a histidine hexamer (His). Incubation with DNA fragments, cross-linking, electrophoresis was performed as described in a. Western blot analyses were performed with antipoly-histidine antibody (Sigma, HIS-1), using the ECL method. 
Discussion
The B53 motif (residues 327 ± 333 in human) of p53 indicated features similar to those of BRCTs and its derivatives in TopBP1 (Yamane and Tsuruo, 1999) , BRCA1 and XRCC1 (Yamane et al., 2000b) , and Rb (Yamane et al., 2000a) , as follows. (1) The short portions of BRCT-Ws in Rb corresponding to B53 were composed of aromatic residues, with a short portion containing a few hydrophobic residues on the C-terminal side (Figure 1b) , although amino acid similarity was low. These short portions were conserved in BRCTs. (2) The short B53 motif was required for DNA binding activity (Figure 2 ). The corresponding short portion of BRCT-W1 of Rb was also required. (3) The sequence-independent binding was a major common feature of B53 (Figure 2 ) and many BRCTs. (4) Signi®cant amounts of C1, C2 (Figure 3 ) and BRCT-Ws of Rb bound DNA ends in electron microscopic images. (5) C2 showed smeared retardation patterns (Figure 2 ) similar to those of some BRCTs and BRCT-Ws. The DNA fragments could be retained at the top of a gel in the retardation assays in C2 and C1 (Figure 2 ) and in some BRCTs. (6) The B53 motif ( Figure 5 ) and a corresponding short portion of Rb were required for the multimerization. BRCTs of BRCA1 and BRCT-Ws of Rb also multimerized. (7) The smeared retardation patterns were closely associated with the DNA binding activity in our deletion experiments of Rb and p53 ( Figure 5) . (8) The fused GST portion strongly inhibited DNA retardation activity in C1, C2 (Figure 2 ), in BRCTs of BRCA1 and in BRCT-Ws of Rb. Many features, including unusual ones, of C-terminus of p53 were very similar to those of Rb, TopBP1 and BRCA1.
Structural assignment of the B53 motif
The C-terminal regions of p53 formed tetramers composed of antiparallel b sheets linked with a helix structures (Clore et al., 1994) as indicated in Figure 1a . The B53 motif (residues 327 ± 333) corresponds to the antiparallel b sheet portion, while residues 337 ± 355 corresponds to the a helix portion. The retardation patterns were partially dierent in C1 and C2 ( Figure  2 ). When C2 was con®ned in the tetramer structure within C1, the structure could restrict the higher polymeric and heterogeneous state of C2 (Figure 4d ). We further indicated that the retardation pattern of C1 became similar to that of C2 when the protein concentration was increased (Figure 2 ). Consistently, C1 formed multimers larger than a tetramer when the protein concentration was increased ( Figure 5 ). It should be noted that the numbers of monomers in multimers were varied, and that the average number was 10 rather than the four in full-length p53 in a gel ®ltration analysis (Wang et al., 1994) . Our observation suggests that the multimerization state is dependent on the protein concentration.
Unusual retardation patterns of DNA fragments are related to multimerizations of proteins
The retention of DNA fragments at the top of polyacrylamide gels in the gel retardation assays was observed using p53 and its fragments by many independent groups (Lee et al., 1995; Pavletich et al., 1993; Selivanova et al., 1996; Wang et al., 1993) , although many authors were not conscious. Our observation was consistent with theirs. This also indicates that our data were not artifact caused by proteins produced in bacteria, since the proteins in some groups were derived from eukaryotes. Deletions of the C-terminus (nearly corresponding with C1) of the total p53 showed a lack of retention activity in some groups. The C-terminus was essential for the activity in the all groups. These results, including our own, indicate that arti®cial production of the limited C-terminal portion re¯ected parts of the normal nature of native p53.`The retentions at the top' are very unusual, but general phenomena that are also observed in some BRCTs (Yamane et al., 2000a,b; Yamane and Tsuruo, 1999) . In fact, these ®ndings were the strongest indication, to us, of the similarity between the Cterminus of p53 and some BRCTs.
It is highly possible that the multimerization activity cannot be separated from the DNA binding activity. This is because DNA binding always accompanied multimerization in detailed deletion analyses of both Figure 6 The oncogenic activity of the C1 region requires both the C2 and C3 regions. The Saos-2 cell derived from an osteosarcoma is lacking p53 (Masuda et al., 1987) . The cells (in 2 cm well, 50% con¯uent) were transfected with the C1 ± C4 genes and a neomycin resistance gene (1.9 mg) using the calcium phosphate method (Chen and Okayama, 1987) . Cells were maintained in Dulbecco's modi®ed Eagle medium supplemented with 10% fetal calf serum in a humidi®ed atmosphere of 5% CO 2 and 95% air. After 2 days, 0.5 mg/ml of neomycin was added to the medium. After 18 days, colonies were stained with 0.5% methylene blue, 50% methanol. The numbers of colonies were counted. The average number in the vector was 65 colonies (Colony formation rate=1). The experiments were performed in triplicate BRCT-W1 of Rb (Yamane et al., 2000a) and the p53 C-terminus (Figure 5c ).
Although the cross-linking patterns of C1 ( Figure  5a ) did not correspond with`retention at the top' of gel of DNA fragments at high protein concentrations (Figure 2 ), minor portions were detected at the top of the gel. On the other hand, the cross-linked patterns of C2 (Figure 5b) showed some cross-linked portions reaching to the top of a gel. These results may be explained by cross-linking eciency, and by preferential binding of DNA to the larger protein complex. This result was consistent with that of TopBP1 (Yamane and Tsuruo, 1999) .
Some BRCTs are common elements in some tumor suppressions
Some BRCTs are common relating elements of the following tumor suppression phenomena. (a) Truncation of the amino-terminal BRCT of the Ect2 protooncoprotein induced its transforming activity (Miki et al., 1993) . (b) Some familial mutations of BRCA1 fell into the BRCTs (Miki et al., 1994) . (c) The retinoblastoma susceptibility protein (Rb) family contains ®ve BRCT-Ws (Yamane et al., 2000a) . (d) The 53BP1 protein with two BRCTs is the unique p53-binding protein that selectively binds the wild-type p53 to its BRCTs (Thukral et al., 1994) . (e) p53 also bound the second BRCT of BRCA1 (Chai et al., 1999) . (f) Further, we found that p53 had a BRCT-related region. Thus, elucidating the common function of BRCTs will be important in the analysis of the tumor suppression mechanism, since this horizontal relation is a remarkable exceptional case in tumor suppression.
It is well known that BRCTs are protein-binding motifs. Many proteins with BRCTs bound other proteins with BRCTs by BRCT-BRCT and by other interactions. The known functions of these proteins are limited to cell cycle checkpoints, DNA repair and recombination. In this context, our ®ndings are also consistent since p53 with BRCT-like B53 interacted with BRCA1 and 53BP1 containing BRCTs.
Mechanisms of tumor suppressions
We have already proposed a mechanism of tumorigenesis by tumor suppression release, based on the association of BRCTs in major tumor suppressors (Yamane and Tsuruo, 1999) . A certain mutation of proteins with limited BRCTs (a ± f, described above) would result in partial defects of DNA repair or cell cycle arrest after DNA damage. These states elevate mutation rates of unspeci®c genes, leading to the accumulation of mutations required for multistep carcinogenesis. Another mutator hypothesis is supported by reported evidence about a tumor suppressor, Msh2, which is a mismatch repair protein frequently mutating in hereditary nonpolyposis colorectal cancer (Cranston et al., 1997) . BRCTs of dierent proteins may hand the damage site several repair proteins in succession.
Physiological relevance of the damage binding activity
The oncogenic activity of C1 required both the DNA damage recognition domain in C2 and the repair enzyme-associating domain in C3 (Figure 6 ). It is important that the damage recognition domain was not sucient for the oncogenic activity. Binding of the p53 C-terminus to the DNA damage may induce association of the DNA repair complex, overprotect cells from the damage, and inhibit apoptosis, resulting in oncogenesis. Residues 292 (or possibly 344) ± 393 bound XPD, XPB DNA helicases and CSB, involved in DNA repair . Total p53 may restrict DNA repair to induce apoptosis. DNA damage is a major inducer of apoptosis. Therefore, when p53 restricts DNA repair strongly, apoptosis would be induced.
Comparison of findings
It was reported that p53 bound single-stranded DNA ends to residues 361 ± 382 (Selivanova et al., 1996) . We could not reproduce their result (Figure 4a ) in our conditions, however, comparison would be inappropriate since our experimental system was essentially dierent from their system, which was dependent on nuclear extracts.
Novel p53 mutations, Leu 344 residue to Pro and Arg 377 residue to Cys, were found in Li-Fraumeni and Li-Fraumeni like syndromes (Davison et al., 1998; Lomax et al., 1998) . These mutations in the C3 region reduced the multimerization. This may be related to the fact that the DNA retardation pattern was changed in the presence of the C3 portion (Figure 2 , lanes 2 and 8). GST fused to B53 and to BRCTs of BRCA1 strongly inhibited the DNA binding activity (Figure 2 , lanes 13 and 14, and Yamane et al., 2000b) . The regions linking to B53 may be able to control or aect multimerization and the DNA binding activity.
Finally, it is signi®cant that p53, Rb (Yamane et al., 2000a) and BRCA1 (Yamane et al., 2000b; Yamane and Tsuruo, 1999) can bind DNA ends and breaks to BRCT-related common elements which can multimerize. Our results provide the ®rst indication that these important tumor suppressors contain similar elements. It would be an intriguing study to analyse how the BRCT-related elements of many proteins can be orchestrated to accomplish each physiological activity.
Materials and methods

Construction of GST fusion proteins
Synthesized primers to amplify a gene coding for C2 were as follows: 53a primer: 5'-CCCGGGCAACACCAGCTCCTC-TCCCCAGCCAAAG-3' and 53b primer: 5'-CTCGAGACG-GATCTGAAGGGTGAAATATTC-3'. The gene coding for C2 was ampli®ed by polymerase chain reaction using primers 53a and 53b, with a total p53 gene on a plasmid as a template. The ampli®ed fragment was cloned into pCR2.1 (Invitrogen) and was again cloned into pGEX-5X-1 (PharOncogene A multimerizing DNA binding motif in p53 K Yamane et al macia), using the SmaI site and XhoI site introduced to the 5' ends of the primers to construct the GST-C2 fusion gene. These same procedures were performed using primers corresponding to the amino acid termini presented in Figure  1 to produce C1, C3 and C4. The sequences of those primers will be supplied on request.
The genes coding for C5, C6 and C7 were constructed using synthesized nucleotides corresponding to the amino acid termini presented in Figure 1 . 53e: 5'-GATCGAA-TATTTCACCCTTCAGATCCGTCTCGAG-3'; 53f: 5'-GATCTATTTCACCCTTTAAC-3'; 53g: 5'-TCGAGTTAA-AGGGTGAAATA-3'; 53h: 5'-GATCTATTTCTAAC-3'; 53i: 5'-TCGAGTTAGAAATA-3'. 53e and 53b, 53f and 53g, 53h and 53i were annealed and cloned into the BamHI and XhoI sites of pGEX-5X-1 to construct C5, C6 and C7, respectively. All were con®rmed by DNA sequencing.
Production and purification of GST fusion proteins
To produce glutathione S-transferase (GST) fusion proteins, E. coli JM83 (Vieira and Messing, 1982) carrying a fusion gene was cultured until optical density of 600 nm reached 0.7. This culture was shaken in the presence of 0.34 mM isopropyl-b-D-thiogalactopyranoside (IPTG) in 500 ml of L broth for 4 ± 5 h at 20 ± 308C. Collected cells were then sonicated in 10 ml of lysis buer (10 mM Tris-HCl, pH 7.7, 0.5 M NaCl, 1 mM EDTA) containing 10 mg of phenylmethanesulfonyl¯uoride. After centrifugation, the lysate was incubated with glutathione sepharose 4B beads (150 ml of 50% slurry, Pharmacia) at 48C on a slowly rotating mixer for 10 min. The beads were washed three times with 10 mM TrisHCl, pH 7.7, 2 M NaCl, 10 mM EDTA, 0.5% Nonidet P40 (buer C) and then washed with 10 mM Tris-HCl, pH 7.7, 0.5% Nonidet P40 (buer D). To quantify proteins, they were subjected to 5 ± 20% gradient polyacrylamide gel electrophoresis, stained and quanti®ed with Coomassie blue R-250, with egg white lysozyme as a standard. Puri®ed proteins on the beads were stored at 7208C until 2 weeks, in the presence of 50% glycerol in buer D. The glycerol was removed with washing before use.
The fusions (2 mg) were cleaved with factor Xa (0.2 mg, Boehringer, 1179888) at the fusion site for overnight at 48C.
Preparation of labeled DNA fragments
Plasmid DNA of pUC19 was digested with EcoO109I. The generated DNA fragments were dephosphorylated with bacterial alkaline phosphatase (Toyobo). DNA fragments (2.0 ng) were labeled with 10 ± 30 mCi g-32 P-ATP (3000 Ci/ mmol) and 15 units of T4 polynucleotide in the accompanying buer (Fermentas). Alternatively, the fragments (2.0 ng) generated with MspI were labeled with 10 ± 30 mCi a-32 PdCTP (3000 Ci/mmol) and 8.3 units of Klenow enzyme in the accompanying buer (Toyobo). After phenol treatment, and ethyl ether extraction, unincorporated labels were removed by gel ®ltration.
Gel retardation assay
Proteins eluted by factor Xa were incubated with labeled DNA fragments for 10 min at 378C in 20 ml volume. The concentration of proteins and DNA is indicated in each ®gure legend. Sample loading dye (2 ml, 50% glycerol, 16TBE, bromphenol blue, xylene cyanol) was added, and directly loaded onto 7% polyacrylamide, 0.24% N,N'-methylenebisacrylamide non-denaturing gel in the TBE buer. The gel was analysed with image analyzers.
Electron microscopy
The following procedures were performed according to the method previously described (Yamane et al., 2000a) . The DNA fragment used was a DraI fragment of pUC19 (692 base pairs). The protein (460 nM) was incubated with the DNA fragments (5.5 nM) in 10 mM Na-phosphate, pH 7.3, 0.5% Nonidet P40, for 10 min at 378C, in the presence or absence of 1.9 mM spermidine to a ®nal 36-ml volume. The mixture was ®xed with 0.4% glutaraldehyde for 10 min at room temperature. The detergent and ®xative were removed by passing the solution through Extracti-gel (Pierce) equilibrated with 10 mM Na-phosphate, pH 7.3. Spermidine was added, if it had not been included in the ®rst incubation, although timing of the addition did not aect the location of proteins along the DNA fragments. The sample was concentrated and desalted by gel ®ltration (Centri-sep, Princeton Separations, equilibrated with water). Then, they were subjected to authentic and most reliable rotaryreplication procedure, which putatively produces least artifactual images (Tyler and Branton, 1980 ). An aliquot (3 ml) was mixed with an equal volume of 2 mM ammonium acetate, 87% glycerol (Merck), and was immediately sprayed onto the surface of freshly cleaved mica. Following rotaryshadowing with Pt/C (elevation angle; 68) and backing with pure carbon, replicas were¯oated o and picked up onto copper-grids. The specimens were examined, and the images were recorded with a JEM-2000ES electron microscope (JEOL) at 80 KV acceleration voltage.
The diameter of proteinous moieties in DNA/protein complexes was measured by subtracting the shadowed metal thickness (*1.5 mm62) from apparent diameters of images. The number of protein molecules was estimated on the assumption that protein particles are spheres.
Introduction of an artificial spacer
The BamHI sites of GST-C2 and GST-C4 genes were converted to HindIII. The HindIII ± EcoRI fragment of pcDNA3.1-HisC (Invitrogen) coding for about 42 amino acid residues containing a histidine hexamer was introduced into HindIII ± EcoRI of the genes to construct His-C2 and His-C4 genes. The EcoRI site of the His-C2 gene was destroyed by digestion, polymerization and religation to construct His alone, which has a frame-shifted gene of the C2 portion. A BglII site was introduced into the SmaI site of this gene. Oligonucleotides, 53e and 53b, 53f and 53g, 53h and 53i were annealed and cloned into the BglII and XhoI sites (blunted in the case of His-C5) of the gene to construct His-C5, His-C6 and His-C7, respectively.
Genes used in colony formation assay
Expression plasmids were composed of a cytomegalovirus promoter of pcDNA3.1 (Invitrogen, containing a neomycin resistance gene), genes coding for EGFP (Clontech) translation initiation domain (coding for 38 residues) and simian virus 40 nuclear localization signal (the sequences will be supplied on request). The C1 ± C4 genes were cloned downstream of the localization signal in frame.
